Wind turbines installed in Saharan climate operate often under severe weather conditions. Particularly, the electric/electronic equipments located within the nacelle may be subjected to extremely high temperature. To maintain acceptable temperature levels inside the nacelle and control efficiently the thermal effect, cooling systems should be used properly. This paper presents a numerical method to investigate the nacelle thermal behaviour of wind turbines operating under extremely hot weather conditions. The air flow in and around nacelle is described through the Reynolds averaged Navier-Stokes equations. The energy equation has been used to account for heat transfer effects. A Control-Volume Finite Element Method has been used to solve the resulting governing equations. The simulations have been performed through a typical commercial wind turbine. Results including temperature fields in and around the nacelle have been obtained and showed quite reasonable behaviour. Mainly, the impact of an appropriate cooling system that can be designed and applied in nacelle thermal control is presented and discussed.
Introduction
Wind turbines that would be installed in Algerian Saharan climate should operate under severe weather conditions and fluctuating temperature during the day and seasons. Particularly, the electric/electronic equipments located within the nacelle may be subjected to extremely high temperature variations, thus leading to inconsistent design stresses. In order to maintain acceptable temperature levels inside the nacelle and to manage efficiently the thermal effect, the heat released by the electrical and mechanical components as results of various power dissipations (due to Joule effect, friction losses; e.g. electrical generator, gearbox, bearings…) should be rejected to the atmosphere, and the heat exchange between the air inside the nacelle and the surrounding air should be controlled properly. Therefore, cooling systems must be employed to ensure safe operation and to prevent failure of the turbine, especially under high ambient temperature conditions (e.g. Saharan climate). However, while the turbine benefits high cooling efficiency, it also suffers lower reliability and higher cost for adding such a complex cooling system. The main challenge for electronic equipments in a wind turbine nacelle is that they must withstand a wide range of ambient temperature, usually from -40°C to +55°C.
A numerical method to assess the effect of temperature environment on wind turbines-nacelle operating in Canadian Nordic climate has been developed previously [1] . In this method, the air flow is described by Reynolds averaged Navier-Stokes equations. The energy equation is used to account for the heat transfer effects. The standard k-model has been chosen for the description of turbulent flow. To solve the resulting governing equations, a Control-Volume Finite Element Method (CVFEM) has been employed [2] . In this present work, the proposed numerical method has been adopted to investigate the nacelle thermal behaviour operating under extreme Saharan hot weather conditions. The simulations have been performed for a typical commercial 750 kW wind turbine. Detailed results including the temperature field around and within the nacelle under typical Saharan wind velocity and ambient temperature are presented and discussed. Mainly, the impact of an appropriate cooling system that can be designed and applied in nacelle thermal control is investigated.
Mathematical model
For steady conditions, the time averaged continuity, Navier-Stokes and energy equations written in Cartesian tensor form are 0 ) (
where, u i is the i th air flow velocity component, T is the air temperature, p is the air pressure, and c p are respectively density and heat capacity of the air. To take into account the temperature dependence of the air density, the ideal gas law has been used:
where, R air is the specific air constant. ij is the shear stress tensor given by ) where, k is the turbulent-kinetic energy, is the rate of turbulent energy dissipation and C is a model constant. The turbulence model is composed of two transport equations, one for k and another for . j q refers to the j th heat conduction flux component given by
where, is the air thermal conductivity and t is the eddy thermal conductivity given by 
Pr t is the turbulent Prendtl number being equal to unity.
More delailed informations on the standard k turbulence model can be found in reference [3] .
Numerical method
To solve the resulting governing equations, a Control-Volume Finite Element Method (CVFEM) has been used [2] . In this section, the description of physical problem, computational domain and boundary conditions are first presented. Then, the proposed iterative procedure to properly determine the heat flux at the given nacelle wall is presented.
Physical problem
The flow field in the vicinity of the turbine and nacelle (i.e. ignoring the effects of the tower and the ground) immersed in a uniform incoming flow parallel to the turbine's axis of rotation is assumed to be axisymmetric. This assumption is only valid in the case of a nacelle having an axisymmetric shape. As a preliminary study, it is instructive to consider such a simplified case problem. Since it allows to efficiently appreciate the key parameters that play prominent role during thermal design and development steps of wind turbines-nacelle, especially those to be installed in Saharan region. The following considerations and simplifying assumptions have been thus adopted.
The nacelle is considered to be air-tight. The effect of gravity is neglected. The air is assumed to remain stationary within the nacelle. The heat transfer by radiation is neglected. The heat generation (considered to result mainly from electrical generator) is idealised as an isothermal condition, represented by a hot plate (i.e. generator wall) at temperature T H in the computational domain. The cooling system is idealised as an isothermal condition, represented by a cold plate (i.e. nacelle internal wall) at temperature T C in the computational domain. The effect of the rotating blades has been neglected.
Computational domain
The computational domain consists of a cylinder including the axisymmetric nacelle. Figure 1 shows a (x, r) section of the domain. The domain is discretized into unstructured meshes composed of triangular elements (Fig.2) . As it can be seen, most of grid elements are used to discretize the nacelle region. The complete set of fluid equations, expressed in axisymmetrical coordinate system, (x, r, ), consists of the continuity equation, two momentum equations for transport of velocity, and the energy equation for heat transfer effects. If the turbulence effect is required, the two additional equations for modelling the turbulence kinetic energy and the rate of turbulence energy dissipation will be considered. The solution of the resulting mathematical model is accomplished by employing the CVFEM formulation mentioned above.
Boundary conditions
The four boundaries considered are: inlet, outlet, top and wall conditions
The inlet boundary is an r plane located upstream of the wind turbine. In this plane, the distributions for the velocity components are assumed to be uniform with values corresponding to the neutral planetary boundary layers properties at hub height [4] . A uniform temperature profile has been prescribed, being equal to free stream air flow temperature, T . If the turbulence effect is considered, the corresponding k and values will be prescribed. The outlet boundary is an r plane located downstream of the wind turbine. Here, velocity and temperature fields (and if required k and variables) are calculated using the outflow treatment of Pantankar [5] , while the pressure is specified and assumed to be uniform over the entire plane.
The top boundary is a lateral surface located at radial distance far from the axis of turbine. As was the case for the inlet conditions, in this boundary undisturbed neutral flow conditions are prescribed for velocity and temperature fields (and if required for turbulence properties), while pressure is calculated from the continuity equations. The wall boundary is represented by the nacelle internal and external walls, as well as the electrical generator wall; where the non slip conditions are prescribed for velocity fields. If the turbulence effect is required, velocity fields and turbulence properties are prescribed using the wall function method. While, the heat transfer effects are prescribed by the isothermal conditions for nacelle internal wall (i.e. cold plate at T C ) and for the electrical generator wall (i.e. hot plate at T H ), as well as according to the iterative procedure described in the section below for the nacelle external wall. 
Iterative procedure for calculating heat flux through the nacelle external wall
Neither the temperature distribution nor the heat flux is prescribed over the external nacelle wall. Hence, an iterative procedure has been developed to solve this problem and is presented in this section.
Step 1. For a given initial guess air temperature field, the heat flux at the nacelle external wall surface, A, is given by the heat conduction equation:
here, w refers to the corresponding wall surface.
Step 2. By neglecting longitudinal heat conduction through the insulating material (i.e. heat flux assumed to be perpendicular to the nacelle walls), the external wall temperature can be calculated according to the relationship
where,
, dA refers to an elementary surface, e and s are respectively the thickness and thermal conductivity of the nacelle insulating material
Step 3. The external wall temperature is used as a specified value for the air temperature field at the nacelle external wall:
Step 4. The energy equation can be solved leading to the air flow temperature field in the entire domain. Thus, the heat flux can be recalculated. Steps 2 to 4 are repeated until convergence. 
Results and discussion
To investigate the thermal behaviour of the wind turbine nacelle operating in Saharan climate, a typical 750 kW commercial machine has been considered. This preliminary study is a first attempt to assess the cooling capacity needed to ensure acceptable temperature levels inside the nacelle for given extreme weather conditions. For this purpose, the flow is assumed to be laminar and the simulations have been carried out for a moderate wind velocity, V= 5 m/s and extremely high atmospheric temperature, T = 55°C, being typical severe Saharan weather conditions; for a fixed temperature of the hot plate, T H = 100°C (being limited temperature for safe operation of electronic equipment), and for different coldplate temperatures, namely T C = -10°C, 0°C, and 10°C. Figure 3 shows the resulting temperature field obtained for the cold-plate temperature T C = 0°C. As it can be seen, the behaviour of these simulation results seems to be quite reasonable, thus confirming qualitatively the validity of the proposed numerical method.
Similar conclusions can be drawn from the results (not presented here) obtained for the other cold-plate temperatures, T C = -10°C and 10°C. To verify again the validity of the proposed numerical method, it is convenient to illustrate certain temperature distributions within and around the nacelle, at given appropriate positions. Fig.4 shows the results of temperature distributions for the different cold-plate temperatures. The radial distributions of temperature obtained at x = 4m, inside and outside the nacelle, are shown in Figures 4a and 4b . The axial distribution obtained at r = 0, inside the nacelle, is shown in Fig. 4c . All the curves inside the nacelle have the same variation trend; decreasing gradually from the hot-plate temperature (i.e. T H = 100°C) up to the corresponding cold-plate temperatures. The curves outside the nacelle behave also similarly; but exhibiting more sharp variation trends in the wall region (i.e. boundary layer region) then reaching the free stream air temperature (i.e. T = 55°C). These results appear to be consistent, because of the air flow around the nacelle may enhance remarkably the convection heat transfer mode. Thus, one can confirm again the validity of the proposed numerical method.
To assess properly the nacelle thermal behaviour, the knowledge of the required cooling capacity and the resulting temperature-level inside the nacelle constitutes the key parameters in this study. The corresponding cooling capacity, q C , can be determined from the resulting temperature field (e.g. Fig.3 ) according to the energy balance equation:
where, q int and q ext denote respectively the heat rate generate by the hot plate and the heat exchanged between the environmental air and the cold plate. These can be determined by calculating the resulting heat rate at the internal and external nacelle wall surfaces using the relationship:
where, q is the resulting heat flux vector given by Eq. (9). The temperature level inside the nacelle can be estimated by considering the average air temperature within the inside nacelle volume, T av , which can be calculated as : 14) where, is the inside nacelle volume. Table 1 summarizes the results. As expected, more the cold-plate temperature is decreasing more is increasing the required cooling capacity, and more is the average temperature inside the nacelle decreasing. This is again a qualitative validation of the predicted temperature field. It is also interesting to observe the variation trends of both the curves: q c versus T C and T av versus T C . These latter have been obtained by performing further simulations on wider cold-plate temperature range: -22°C to +10°C. Fig. 5 shows the results. As it can be seen, both q c and T av exhibit roughly a linear variation trend with respect to T C and are given by the following relationships:
Here q c is expressed in kW.
On the other hand, it is convenient to note that the heat rate absorbed from the environmental air, q ext , constitutes the main heat rate to be balanced by the cooling capacity q C (i.e. more than 97%). This is because of larger resulting temperature spans between the ambient air and a cold plate: T -T C . The contribution of the heat rate generated by the hot plate, q int , (e.g. electrical generator) has been found to be less than 3%. Hence, an appropriate cooling system might be designed and sized based on the resulting environmental thermal load. 
Conclusion
A numerical method for investigating thermal behaviour of wind turbines-nacelle operating under severe Saharan climate conditions has been proposed. This is a preliminary study, considering a hypothetical thermal nacelle problem; in which, the heat generation and the appropriate cooling system are idealised as isothermal conditions, represented respectively by hot-plate temperature and cold-plate temperature in the computational domain. Simulations have been carried out through a typical commercial wind turbine. The proposed method has showed its ability to predict consistent temperature fields for different cold-plate temperatures. The cooling capacity and the temperature level inside the nacelle have exhibited linear trend variations as a function of the cold-plate temperature. It has been also noted that the environmental heat load constitutes the main contribution to be balanced by the required cooling capacity during nacelle thermal control.
Future works will be focused on the development of more detailed numerical method that takes into account most of practical and nacelle thermal design considerations. Such a method is expected to simulate more adequately the physical problem and to improve the accuracy of the predictions. 
